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Preface
There is a tremendous amount of energy at work in the atmosphere at al l  t imes in the
form of wind. Man has recognized this for ages and has used i t  to a l imited extent by
cons t ruc t ing  dev ices ,  such as  w indmi l l s .
Today, the rapidly diminishing supply of fossi l  fuels has prompted us to take a new look
at wind as a source of energy. This publ icat ion wi l l  study some of the ways engineers have
devised to harness wind.
Th is  i s  the  s ix th  pub l i ca t ion  in  a  12-par t  energy  resource  ser ies  des igned fo r  the  adu l t
and s tudent  w i th  a  ser ious  in te res t  in  the  energy  s i tua t ion .  Each pub l ica t ion  examines  a
dif ferent energy source and considers the advantages and disadvantages associated with
i ts use.
When necessary, diagrams and/or tables are used to clar i fy or elaborate upon
information found in the text.  Quest ions with answers are included at the end of each
publ icat ion so that you can test what you have learned.
The author wishes to thank Robert  L.  Fehr and Linda Bach of the Department of
Agricul tural  Engineering, Universi ty of Kentucky, for reviewing the text.
The Energy Resource Series for Youth and Adult  Energy Programs includes the fol lowing
pub l ica t ions :
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6. Wind
Why the Wind?
Ai r  i s  the  mix tu re  o f  inv is ib le ,  odor less  gases
that compose the earth's atmosphere. When air
moves,  i t  i s  ca l led  w ind .  On a  smal lsca le ,  th is  can be
exper ienced in  the  home.  The k i tchen is  p robab ly
the best room for this experiment.  Turn on one of
the  burners  on  the  range.  Whether  the  range is  gas
or  e lec t r i c ,  i t  w i l l  hea t  the  room a i r  tha t  happens to
be in  contac t  w i th  the  ho t  burner .  The molecu les  o f
the  a i r  rece ive  th is  energy  and beg in  v ib ra t ing  a t  a
faster rate. Each molecule takes up more space, and
the ai  r  around the bu rner expands and becomes less
dense.  lmmedia te ly  ad jacent  coo le r  mo lecu les
move in,  receive added energy, and gradual ly a
co lumn o f  warm a i r  beg ins  to  r i se  above the  burner
as the newly heated air  pushes i t  up.
As the air  r ises, i t  cools because i t  is f  arther f  rom
the source  o f  heat .  Th is  r i s ing  co lumn o f  a i r  g radu-
a l l y  spreads  to  the  ou ter  reg ions  o f  the  room and
becomes denser,  gradual ly sett l ing and eventual ly
re tu rn ing  to  the  burner  where  i t  aga in  rece ives  an
input  o f  energy .  Thus  the  c i rcu la t ion  pa t te rn  o f  a i r  in
the  k i tchen cont inues .  The ho t  burner  ac ts  as  a
pump,  fo rc ing  th is  a i r  c i rcu la t ion  to  take  p lace .  l t  i s
the  dr iv ing  fo rce  o f  the  room's  a i r  c i rcu la t ion
system.
This system is rather del icate. l t  is easy to upset
the  en t i re  room's  a i r  c i rcu la t ion  pa t te rn .  l f  you  open
an ou ts ide  door ,  fo r  example ,  you  w i l l  comple te ly
destroy the circulat ion pattern. This is caused by the
swing ing  o f  the  door  p lus  the  en t rance o f  ou ts ide  a i r
that is at  a di f ferent temperature. Other factors that
can upset  the  c i rcu la t ion  pa t te rn  a re  a  smal l  ven t i la -
t ion  fan  above the  range,  a  ho t  l igh t  f i x tu re  o r  an
open w indow.  You can check  the  a i r  movement  in  a
room by  cons t ruc t ing  a p inwhee l  as  shown in  F igure
1 .  Hold i t  in di f ferent places within the room to check
the air  movement oattern.
A i r  moves produc ing  w ind  over  the  sur face  o f
the  ear th  in  a  s imi la r  fash ion  to  the  a i r  in  the  k i tchen.
Rad ian t  energy  f rom the  sun s t r i kes  the  ear th  as
shown in  F igure  2 .  A  band o f  the  ear th 's  sur face ,
centered on the equator,  receives this radiat ion
ra ther  d i rec t l y ,  tha t  i s  perpend icu la r ly  th roughout
the  year .  The sur face  o f  the  ear th  w i th in  th is  band,
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Fig .  1 . -Const ruc t ion  procedures  fo r  a  p inwhee l .  The p inwhee l
serves as a sensit ive instrument to investigate air circulat ion.
about 22o on ei ther side of the equator,  is,  on the
average, hotter than at any other place. This warm
sur face  ac ts  l i ke  the  burner  on  the  k i tchen range.
The a tmospher ic  a i r  in  contac t  w i th  th is  sur face
receives energy, expands, becomes less dense, and
beg ins  to  r i se .  l t  i s  immedia te ly  rep laced by  coo led
a i r ,  wh ich  is  heated  and beg ins  to  r i se .  Thus ,  a
c i rcu la t ion  pa t te rn  i s  sus ta ined in  the  ear th 's  a tmos-
phere  l i ke  i t  was  in  the  k i tchen as  long as  the  ear th 's
surface is warmer near the equator.
I
Fig. 2.-Radiat ion from the sun as i t  affects the earth
The gradua l ly  r i s ing  a i r  a long the  equator
begins to lose energy or cool as i t  gets farther away
from the earth's warm surface; however,  i t  is being
pushed upward by newly heated air  beneath i t .  l t
then spi l ls outward and moves toward the poles of
the earth. The earth's surface near the ooles is much
cooler than at the equator because the sun's radia-
t ion  is  much less  in tense there .  Add i t iona l  coo l ing  o f
the air  takes place as i t  sett les on the cold surface
near the poles.
This cool air  pushes outward across the earth's
surface toward the less dense air  at  the equator.
Here i t  is again heated, which forces the circulat ion
to cont inue. The warm band of the earth's surface at
the equator suppl ies the source of energy that keeps
th is  g loba l  sys tem in  mot ion .  The warmth  o f  the
earth's surface at the equator comes direct ly from
the sun 's  rad ia t ion .
I t  is important to real ize that the sun's radiat ion
does not heat the air  as i t  passes through i t .  Rather,
i t  heats the earth's surface, land and water.  The
earth's surface absorbs this radiat ion and heats the
air  in contact with i t .
Wind Patterns
This  wor ldwide  pa t te rn  o f  a tmospher ic  a i r
c i rcu la t ion  is  shown in  F igure  3 .  There  is  one major
factor constant ly act ing on this system. l t  is cal led
the Coriol is ef fect.  This natural ,  physical  and/or
geometr ical  phenomenon is caused by rotary mo-
t ion. l t  was discovered by the French civi l  engineer,
G.G.  Cor io l i s ,  when he  was work ing  w i th  a r t i l l e ry -
men in  Wor ld  War  l ,  f i r ing  long- range pro jec t i les .
Fig. 3.-General wind patterns of the earth.
The phenomenon is  i l l us t ra ted  in  F igure  4 .  ln
Figure 4a a piece of paper or l ightweight cardboard
is taped to the turntable of a record player.  A
s t ra igh tedge or  ru le r  then is  he ld  l igh t ly  aga ins t  he
center  sp ind le .  Wi th  the  tab le  ro ta t ing  a t  a  cons tan t
speed, a penci l  is moved l ight ly and at an even speed
along the straightedge. l t  leaves a curved l ine traced
on the  paper  as  shown in  F igure  4b .
Several  t r ia ls can be made rotat ing the table at
var ious speeds. The penci l  also can be moved at
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Fig .  4 . -A  demonst ra t ion  o f  the  Cor io l i s  e f fec t .
var ied  bu t  cons tan t  speeds.  You w i l l  f ind  tha t  i t  i s
imposs ib le  to  d raw a  s t ra igh t  l ine  no  mat te r  how
s lowly  the  tab le  tu rns  or  how fas t  the  penc i l  moves .
You can make a  s imi la r  curve  by  p lac ing  the
s t ra igh tedge or  ru le r  a l l  the  way across  the  tu rn tab le
and s ta r t ing  the  penc i l  a t  the  f  a r  edge and drawing  i t
across to the center.
l f  you do not have access to a record player,  you
can use a  p in  to  ho ld  the  paper  in  p lace  on  a  cu t t ing
board  or  o ther  su i tab le  sur face ,  and you can ro ta te
the  paper  by  hand.  The e f fec t  w i l l  be  the  same as
above.
The Cor io l i s  e f fec t  i s  exper ienced by  everyone.
We can use a merry-go-round as an example. l f  you
were at the center of a merry-go-round, you would
fee l  very  l i t t le  phys ica l  fo rce  o ther  than s imp le
rotat ion. But i f  you take just a few short  steps
d i rec t l y  toward  a  po in t  on  the  ou ts ide  edge o f  the
merry -go- round,  you w i l l  immedia te ly  exper ience
the  Cor io l i s  e f fec t .  The po in t ,  toward  wh ich  you
were  headed,  i s  no t  d i rec t l y  ahead any  more  bu t  has
moved to  one s ide  in  the  d i rec t ion  the  mer ry -go-
round is  t rave l ing .
l f  you  f  i red  a  bu l le t  o r  rocke t  f  rom the  nor th  o r
south pole toward an object on the equator,  you
wou ld  need to  cons ider  lead t ime.  In  o ther  words ,
you must  a im ahead o f  the  ob jec t  so  tha t  the  f l igh t
t ime o f  the  bu l le t  o r  rocke t  i s  the  same as  the  t ime
the object takes to get to i ts f inal  pont.  This results
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in a curved path of the project i le over the surface of
the earth. This effect is demonstrated in Figure 4.
For  ins tance,  as  the  a i r  moves  f rom the  nor th
pole toward the equator a curved path results across
the surface of the earth because of the Coriol is
effect.  The air  ends up heading southeast just
before i t  meets the equator.  This is why most of the
earth's surface north of the equator experiences
wind  movement  coming ou t  o f the  nor theas t  a l l  year
long.  S imi la r ,  bu t  oppos i te ,  e f fec ts  happen south  o f
the  equator .
There  are  many loca l  th ings  tha t  can  happen to
upset  h is  pa t te rn  o f  g loba l  a i r  c i rcu la t ion .  (Remem-
ber  tha t  when you opened a  door  to  the  k i tchen or
tu rned on  the  vent i la t ion  fan  you d is tu rbed a i r
c i rcu la t ion  in  the  room.)  Heat  energy  ga ined by  the
air  f  rom the earth's warm su rface near the equator is
genera l l y  no t  su f f i c ien t  to  fo rce  the  a i r  h igh  and fa r
enough to reach the north or south pole. Therefore,
there  is  usua l ly  some c i rcu la t ion  ver t i ca l l y  as  we l l  as
hor izon ta l l y  about  midway be tween the  equator  and
the  po les .  In  add i t ion ,  c louds  can in te rmi t ten t ly
cover  a  la rge  por t ion  o f  th is  equator ia l  band o f  the
ear th  resu l t ing  in  the  sun 's  rad ia t ion  be ing  re f  lec ted
back  to  space.  Thus ,  the  heat  eng ine  d ies  ou t  o r  i s
great ly reduced, and the vast c irculat ion is upset.
The t i l t  o f  the  ax is  o f  the  ear th ,  231/2 '  ,  can  a lso
upset  the  c i rcu la t ion  pa t te rn .  l t  causes  the  heated
band to  move back  and fo r th  dur ing  the  seasons o f
the  year .  A lso ,  uneven heat  absorp t ion  occurs
because water f  rom oceans evaporates more than in
the  o ther  a reas .  Th is  in  tu rn  ac ts  to  upset  he  overa l l
g loba l  pa t te rn  o f  a tmospher ic  i rcu la t ion .
A l l  these d is tu rbances  in  the  g loba l  c i rcu la t ion
pat te rn  cause the  w ind  to  change in  ve loc i ty  and
d i rec t ion  a t  any  one p lace  on  the  ear th 's  sur face .
There fore ,  any  dev ice  des igned by  man to  take
advantage o f  the  w ind  must  be  ab le  to  change
d i rec t ion  w i th  the  w ind  and a lso  be  ab le  to  ex t rac t  a
fa i r l y  cons tan t  mechan ica l  movement  f  rom the  var i -
ab le  fo rce  o f  the  w ind .  Tab le  1  l i s ts  the  observed
ve loc i ty  and d i rec t ion  var ia t ions  a t  severa l  loca t ions
in  o r  near  Kentucky .
One o ther  fac to r  tha t  needs  to  be  cons idered is
drag .  Near  the  ear th 's  u r face ,  tha t  i s  w i th in  20  or30
fee t ,  the  w ind  or  a i r  movement  i s  he ld  back  by
houses ,  bushes  and t rees .  Th is  i s  ca l led  drag .  l t  i s
f  r ict ion. The amount of the drag is affected by the
size of objects;  therefore, di f ferent areas of the
count ry  have d i f fe ren t  amounts  o f  d rag .  Any  dev ice
des igned to  ex t rac t  energy  f rom the  mov ing  a i r  must
be  cons t ruc ted  w i th  c learance f  rom obs t ruc t ions  in
a l l  d i rec t ions .  Th is  can be  done by  ra is ing  the  dev ice
h igh  enough or  mov ing  i t  fa r  enough away f  rom any
obst ruc t ions  to  e l im ina te  the  drag  e f fec t .
Wind Dynamics
In  ear ly  h is to ry ,  man used the  w ind 's  power  to
dr ive  sh ios  a t  sea .  The modern  sa i lboat  s t i l l  re l ies  on
the wind's power. Sai lors study the art  of  extract ing
the most force from the wind in the direct ion they
are  go ing .  Windmi l l s  have been used fo r  hundreds
of  years  in  fo re ign  count r ies  and s ince  the  ear l ies t
days of the western f ront ier in the United States. The
act ion  o f  the  mov ing  a i r  aga ins t  a  boat ' s  sa i l  o r  the
b lade o f  a  w indmi l l  can  be  exp la ined by  the  t rans fer
o f  k ine t ic  energy ,  wh ich  is  descr ibed in  pub l i ca t ion
AEES-22,  Def in i t ions .
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F i g .  5 . - T h e a c t i o n  a n d  r e a c t i o n s o f  b i l l i a r d  b a l l s a r e t h e s a m e a s
the action and reactions of molecules of air.
T h e  b i l l i a r d  b a l l  A  i n  F i g u r e  5 a  i s  m o v i n g  i n  a
s t ra igh t  l ine  toward  b i l l i a rd  ba l l  B  wh ich  is  a t  res t .  A
str ikes B just of f  center,  thus A and B react by
mov ing  away f  rom the  po in t  o f  impact  a t  an  ang le  o f
about  45  degrees  and a t  about  ha l f  the  speed A
started with.
In  F igure  5b ,  b i l l i a rd  ba l l  A  s t r i kes  the  res t ing
ba l l  B  head on .  They  bo th  move fo rward  a long the
same path  o f  A  bu t  a t  about  ha l f  A 's  in i t ia l  speed.
Molecu les  o f  a i r  ac t  the  same way when they
s t r i ke  molecu les  o f  ob jec ts  in  the i r  pa th .  The mole-
cu les  o f  a i r  have k ine t ic  energy  by  v i r tue  o f  the i r
mass  and the i r  ve loc i ty  jus t  l i ke  b i l l i a rd  ba l l s .  When
mov ing  a i r  i s  s lowed down or  d i rec ted  in  a  d i f fe ren t
d i rec t ion ,  a  por t ion  o f  i t s  k ine t ic  energy  is  t rans-
ferred to the object causing the def lect ion. In the
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Table 1.-The ayerage monthly speed (miles per hour) and direction of the wind at various locations in and around Kentucky.
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case o f  the  sa i l  o r  the  b lade o f  a  w indmi l l ,  the  k ine t ic
energy loss of the wind reappears as an increase in
k ine t ic  energy  o f  the  boat  o r  w indmi l l  whee l .
Sai lboats
To s tudy  the  ac t ion  o f  w ind  aga ins t  he  sa i l  o f  a
boat refer to Figure 6. In A, the boat is moving
straight away from the direct ion of the wind. In B,
the boat is t ravel ing at a r ight angle or crossways to
t h e  w i n d ,  a n d  i n  C  i t  i s  m o v i n g  i n t o  t h e  w i n d .  I n
actual pract ice a sai lboat wi l l  t ravel faster through
the  water  a t  a  r igh t  ang le  to  the  w ind  than in  any
other  cond i t ion .  l f  you  are  un fami l ia r  w i th  the  ar t  o f
sa i l ing  th is  may seem to  be  a  cont rad ic t ion .  Most
people assume that a boat going away f  rom the wind
would move the fastest.
WIND
OIRECTION
Fig. 6.-The action of wind on the sai l  of a boat.
Look at 64 again. l t  is apparent hat the boat can
move no faster than the wind even i f  there were no
fr ict ion force from the water against the hul l  of  the
boat.  l f  auxi l iary power were used to move the boat
fas te r  than the  w ind ,  the  sa i l  wou ld  beg in  to  d rag
and ac t  as  a  b rake.  As  long as  the  boat  depends on
the sai l  alone for motivat ion there must be a force
d i rec t l y  aga ins t  o r  perpend icu la r  to  the  sa i l .  For  the
boat to maintain a constant speed through the
water ,  the  push ing  fo rce  must  be  equa l  to  the
f r ict ion or drag of the boat through the water.  Whi le
mov ing  d i rec t l y 'away f rom the  w ind  these two
forces balance. In pract ice this stabi l izes at a value
somewhat below one-half  of  the speed of the wind.
Also, note that af ter a part icular part  of  the wind
has done i ts work on the sai l  and slowed down, i t
must move out of the way for new, faster air  part ic les
to  h i t  the  sa i l  f ree ly .  Wi th  the  w ind  and boat  bo th
mov ing  in  the  same d i rec t ion  the  used a i r  o r  exhaust
remains  a  p rob lem.  Th is  i s  the  main  reason fo r  the
restr icted speed downwind.
Now look at B. The boat is t ravel ing at a r ight
ang le  to  the  w ind .  The sa i l  i s  se t  a t  a  45o ang le  to  the
boat .  The w ind  d i rec t ion  is  s t i l l  the  same and so
s t r i kes  the  sa i l  a t  a  45o ang le .  Th is  g lanc ing  b low o f
the  w ind  sends  the  boat  toward  the  r igh t ,  wh i le  the
resu l tan t  w ind  or  exhaust  rebounds to  the  le f t  a t  a
s lower  ve loc i ty  than or ig ina l l y .  Th is  i s  a  s imi la r
s i tua t ion  to  the  b i l l i a rd  ba l l  in  F igure  5a .
The reason the boat is not pushed sideways off
course  when mov ing  perpend icu la r  to  the  w ind  is
because of the design of the boat 's hul l .  Sai lboats
must  have a  deep,  s l im kee l  tha t  s l ides  th rough the
water and prevents the boat from being pushed
s ideways .  Th is  kee l  i s  usua l ly  we igh ted  w i th  lead,
which helps prevent turnover of the horizontal  wind
component.  Usual ly the persons in the boat move to
the  upwind s ide  to  he lp  o f fse t  th is  over tu rn ing
effect.
A  sa i lboat  can  move aga ins t  the  w ind  bu t  no t
direct ly.  l t  must zigzag. Each leg of the zigzag
course  is  approx imate ly  a  45o ang le  to  the  w ind .  The
sa i l  i s  se t  near ly  in  l ine  w i th  the  boat ' s  d i rec t ion ;
thus ,  i t  i s  a t  about  a  45"  ang le  w i th  the  w ind .  The
boat is thus squeezed between the pressure on the
sai l  and the pressure on the keel and moves forward.
This act ion is something l ike a wet watermelon seed
that shoots forward when squeezed between your
f  ingers.
Wind Power Mechanics
Now let 's look at Figure 7 and see how the wind
acts upon a propel ler blade to produce rotary mo-
t ion .  A{ te r  read ing  the  descr ip t ion  o f  the  fo rces  on
the  sa i l s  the  s imi la r i t y  i s  apparent .  A  rudder  o r  some
suitable device keeos the axis of rotat ion of the
prope l le r  po in ted  in to  the  w ind  a t  a l l  t imes.  The
plane of rotat ion of the blades is perpendicular to
the axis of rotat ion. The blades rotate at a r ight angle
to  the  w ind .  Due to  ve loc i ty  o f  the  b lade,  the  w ind
actual ly meets the blade at a more acute angle
ca l led  the  ang le  o f  a t tack  (a ) .  Under  these cond i -
t ions ,  the  b lade ac ts  the  same as  the  w ing  o f  an
a i rp lane.
( A )
- , ( \
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(c)
\
RUDDER (SAME AS KEEL OF BOAT)
_-----> ROTATION OF ELAE
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Flg. 7,-Effect of wind on a propeller blade.
Quite a lot  of  the wind force acts as both drag
and over tu rn ing  components .  Remember ,  in  a  sa i l -
boat the crew members moved to the windward side
of the boat to help resist  the overturning effect.  Any
structural  device mounted in the atmosphere to
capture  the  fo rce  o f  the  w ind  must  be  des igned
st rong enough to  w i ths tand these over tu rn ing
forces. For this reason you should not attach wind
generators to the roofs of houses. Normal house
construct ion is not strong enough.
Wind speed can be translated into a force by
us ing  the  fo l low ing  fo rmula :
P = 0.00256 v'?
In  th is  fo rmula ,  v  i s  the  w ind  speed in  mi les  per  hour ,
and P is  pounds per  square  foo t ,  ps f .  Th is  fo rmula
works  on  f  la t  sur f  aces  perpend icu la r  to  the  w ind .  l f
the  sur face  is  a t  an  ang le  to  the  w ind ,  one compo-
nent  d iv ides  perpend icu la r  and another  para l le l  to
the  sur face .  The perpend icu la r  component  i s  used
in  the  preced ing  fo rmula  to  ge t  the  ac tua l  fo rce  o f
w ind  aga ins t  a  s t ruc tu re ,  wh i le  the  para l le l  compo-
nent causes some overturning effect by fr ict ion
drag. A graph of these forces is shown in Figure 8.
I t  might seem that the most effect ive way to
ex t rac t  mechan ica l  mot ion  f  rom the  w ind  wou ld  be
to erect large, f lat  surfaces perpendicular to the
wind  and le t  them move in  the  d i rec t ion  o f  the  w ind
simply to take advantage of the direct perpendicular
force. The problem here is the mechanical  at tach-
ments. A valving system would have to be worked
out to let  the surface move back to i ts or iginal
pos i t ion ,  l i ke  a  p is ton  in  an  eng ine ,  in  o rder to  s ta r t  a
cyc le  over  aga in .  One such dev ice  des igned to  do
th is  i s  shown in  F igure  9 ,  bu t  due to  many prob lems
the idea was never accepted.
WIND V€I-OCITY (nph)
F ig .8 . -Pressure  o f  the  w ind  a t  var ious  ve loc i t ies  in  mi les  per
hour .  The pressure  (P)  in  pounds per  square  foo t  o f  w ind  aga ins t
a  f la t  ver t i ca l  sur face  is  computed us ing  the  energy  equat ion :
P = .00256V'
where  V equa ls  the  w ind  ve loc i ty  in  mi les  per  hour .
Sur faces  or  sa i l s  were  des igned tha t  cou ld  be
lowered (A)  and ra ised ver t i ca l l y  (B)  to  ca tch  the  f  u l l
force of the wind on the so-cal led power stroke.
Cab les  and pu l leys  connected  the  two sa i l s  to -
ge ther  and kept  them mov ing  in  t ime l i ke  the  c rank-
shaf t  and connect ing  rods  o f  a  p is ton  eng ine .
Genera tors  o r  o ther  mechan ica l  dev ices  cou ld  be
attached to the corner pul leys.
Fig .  9 . -An a t tempt  to  p roduce a  mechan ica l  dev ice  tha t  wou ld
s tand perpend icu la r  to  the  w ind .
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Because o f  the  bu lk iness ,  f r i c t ion  and the  ex-
haust air  being in the way, this type of device has
never proved successful .  This design lacks the
ab i l i t y  to  keep headed in to  the  w ind .  Un less  loca ted
at a place where the wind comes from one steady
d i rec t ion  a  la rge  percentage o f  the  t ime,  the  one
favorable factor-facing the direct force of the
wind-is lost.  Experience has shown that har-
ness ing  mov ing  f lu ids  by  ro ta ry  mot ion ,  whether
they be water,  steam or wind, is overal l  the most
conven ien t  means o f  ex t rac t ing  k ine t ic  energy  f rom
them.
The wind has several  di f ferent natural  charac-
te r is t i cs  caus ing  des ign  prob lems tha t  a re  d i f fe ren t
from water or steam. One proble.m previously men-
t ioned is that the veloci ty var ies great ly.  This results
in extreme problems, with frequencies of al ternat-
ro t2 t4 t6
PROPELLER OIAMEIER(FEET)
Fig .  10 . -The horsepower  po ten t ia l  f rom a  prope l le r  sys tem a t
any  g iven w ind  speed is  p ropor t iona l  to  the  square  o f  the
prope l le r  d iameter .  For  example ,  in  a  10  mph w ind ,  the  power
genera ted  by  a  p rope l le r  sys tem wi th  a  4 - f  oo t  d iameter  i s .025 hp .
A propeller system with an 8-foot diameter would generate ..1 hp
or  four  t imes the  Dower .
ing current generators. Next,  the direct ion var ies, as
prev ious ly  d iscussed,  in  unpred ic tab le  fash ions
adding to the structural  and control  problems. Last,
the density of air  is so much less than water or steam
that the physical  faci l i ty designed to extract the
energy  becomes very  la rge  when la rge  quant i t ies  o f
power output are considered. For this last reason,
w ind  has  been descr ibed as  be ing  o f  low qua l i t y
when compared to water or steam.
An examinat ion  o f  F igure  10  shows tha t  the
power potent ial  of  a propel ler system increases
propor t iona l l y  to  the  square  o f  the  prope l le r ' s  d ia -
meter .  Th is  i s  s imp ly  the  fami l ia r  law o f  the  area  o f  a
c i rc le .  There fore ,  i f  a  g iven  c i rc le 's  d iameter  i s
doubled, i ts area (A) is not doubled but is 4 t imes as
great.
Another natural  factor affect ing the power out-
pu t  i s  the  ve loc i ty  o f  the  w ind .  The power  ava i lab le
f rom wind  var ies  d i rec t l y  as  the  cube o f  the  w ind
speed.  In  mathemat ica l  te rms i t  i s :
H P = . 0 0 0 0 0 6 7 3 A v 3
An example  o f  th is  na tura l  phenomena is  taken
f  rom Tab le  2  and is  shown in  F igure  1  1 .  A  prope l le r
wrNo sPEEo ( mph )
F ig .  11 . -Horsepower  f rom a  1O- foo t  d iameter  p rope l le r  a t
var ious  w ind  speeds ( f  rom Tab le  2 ) .
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Table 2.-Available power in watts and horsepover (hpl from the wind uring an assumed syrtem efficiency of 30 peroent.
Wind Velocity (miles per hour)
Propeller
ro
5 1 0 15 20 25 30 35 N
Dia (ft) Area (sq ft) wattt hp watts hp watts hp uratts hp watts hp wattr hp watts hp watts hp
4
6
I
1 0
1 2
1 4
1 6
1 8
20
12.56
2A.27
50.26
78.*
1  13 .10
153.94
201.06
2U.47
314 .16
2
5
1 0
1 5
21
30
38
48
59
.@27
.0067
.0134
.0200
.0280
.0400
.0510
.0643
.0800
1 9
43
76
1 1 9
170
232
307
383
473
.025
.057
.100
.160
.230
.310
.410
.510
.630
64
144
256
399
575
782
1022
1293
1 597
.0857
.193
.343
.535
.771
1.050
1.370
1.730
2.140
152
341
605
947
1 363
1855
2423
3066
3785
.2U
.457
.811
1.270
1.830
2.49
3.25
4 . 1 1
5.07
296
665
1 183
1848
2661
3623
4731
5988
7393
.396
.891
1.58
2.48
3.57
4.85
6.34
8.03
9.91
510
1 150
2044
31 93
4599
6260
8175
10347
12768
.685
1.541
2.740
4.28
6.165
8.390
10.960
13.870
17.115
8 1 1
1825
3245
5071
7301
9940
12982
16431
20285
1.087
2.447
4.350
6.80
9.79
13.324
17.403
22.026
27.192
1211
2725
4844
7570
1 0901
14837
1 9379
24527
30279
1
6.4€
10 .14
14.61
19.89
40.
.623
3.653
94
0
0
0
25.998
32.878
590
of 1O-foot diameter (A = 78.54) is i l lustrated by i ts
power output at var ious wind speeds. Not ice the
dramat ic  r i se  in  the  power  curve  s ta r t ing  a t  a  w ind
speed of 30 mph. This is because of the natural  law
of  cub ing  o f  la rger  numbers  (mph) .
C lose  scru t iny  o f  Tab le  2  ind ica tes  tha t  to  have
a resource  wor th  deve lop ing ,  the  w ind  speed shou ld
be as  h igh  as  poss ib le .  Otherw ise  the  s ize  o f  the
equipment becomes excessive. An average of 25
mph seems to be the lower edge of pract ical i ty.
One fac to r  to  look  fo r  in  a l l  smal l  geograph ica l
loca t ions  is  the  gus t iness  o f  w inds .  Both  the  dura-
t ion trme of the gusts at these locat ions and the
f requency  o f  the i r  occur rence are  impor tan t .  One
hour  o f  w ind  gus ts  averag ing  40  mph w i l l  genera te
as  much power  as  65  hours  o f  1O-mph w ind .  S ince
the  tower  and a l l  suppor t  sys tems must  be  s t rong
enough to  w i ths tand w ind  fo rces ,  the  mechan ica l
parts,  such as the propel ler and other moving parts,
cou ld  be  inc reased in  s t rength  so  tha t  they  cou ld
cont inue to  opera te  dur ing  gus ts ,  ra ther  than be ing
shut  down.  The h igher  the  gus ts  the  equ ipment  i s
desig ned to hand le,  the g reater the output.  A cr i t ical
point is that the occurrence of gusts of high speeds
is less l ikely than gusts of low speed, and costs for
s t ruc tu ra l  s t rength  to  w i ths tand s t rong w inds  in -
crease rapidly.
I t  i s  a lso  impor tan t  o  no te  tha t  w inds  o f  40  mph
are  approach ing  the  s to rm damage speed.  Winds  o f
45  to  55  mph can b low sh ing les  and sheet  meta l  o f f
roo fs  and l imbs f rom t rees .  Wind gus ts  o f  55  to  65
mph can uproot  some t rees  and in f l i c t  severe
s t ruc tura l  damage to  bu i ld ings .  Winds  in  the  70  mph
range are  in  the  low edge o f  hur r i cane fo rce .  Th is  i s
another  d isadvantage o f  w ind  power .  l t s  inc reas-
ingly useful  force with greater speed also cal ls for
greater costs to resist  damage these winds can do to
a l l  necessary  suppor t ing  fac i l i t i es ,  wh ich  inc lude
structures to house storage batter ies or controls,
and e lec t r i c  t ransmiss ion  l ines .
Th is  b r ings  up  the  prob lem o f  p ro tec t ing  the
ro ta t ing  par ts  in  w inds  grea ter  than the  opera t ing
speed.  The w indmi l l s  o f  50  or  so  years  ago were
pro tec ted  by  a  h inge mechan ism tha t  pu l led  the  fan
whee l  a round oara l le l  to  the  ta i l  so  tha t  severe  w inds
hit  the fan wheel edgewise but did not rotate i t .  A
lever and cable were provided at the bottom of the
suppor t  tower  fo r  th is .  Someone had to  be  on  hand
to  pu l l  th is  lever  when there  was danger  o f  over -
speed ing .  A  w indmi l l  loca ted  in  a  remote  p lace
caused a  d i f f i cu l t  s i tua t ion .  Many w indmi l l s  were
torn up because they were forgotten or the opera-
to rs  cou ld  no t  ge t  to  them in  t ime to  pu l l  the  lever .
An automatic feathering device is incorporated
on modern  w ind  oower  mach ines .  Feather ino  de-
vices automatical ly rotate the blades so that they
catch less wind as the rpm r ises. This type device
adds some cost to the system but makes i t  auto-
matic and al lows the propel ler system to generate
power  dur ing  s t rong w inds  when o ther  sys tems
would be shut down for safety.
A f te r  look ing  a t  the  w ind  ve loc i ty  poss ib i l i t i es  in
Kentucky  f rom Tab le '1  and the  speed tha t  i s  needed
for  e f f i c ien t  des ign  f rom Tab le  2 ,  the  probab i l i t y  o f
ex tens ive  use  o f  the  w ind  fo r  very  much power
produc t ion  in  Kentucky  is  qu i te  low.  Note  tha t  the
h ighes t  average w ind  speed in  Kentucky  is  9 .7  mph,
a t  Lex ing ton  (Tab le  1 ) .  F rom Tab le  2  th is  wou ld
resu l t  in  on ly  0 .6  hp  w i th  a  20- foo t  d iameter
blade.
Much more  w ind  da ta  a re  needed,  cover ing
every potent ial  s i te so that wind power faci l i t ies can
be cons t ruc ted  in  as  economica l  a  s ize  as  poss ib le ;
and a lso  in  the  geograph ica l  loca t ions  where  they
have the best probabi l i ty of  facing powerful  winds.
T h e  U . S .  m a p  i n  F i g u r e  1 2  s h o w s  t h a t  s m a l l  l o c a l
areas of consistent ly high wind veloci ty need to be
found and examined for possible si tes for the large-
sca le  w ind  power  equ ipment .  The map shows tha t
no large area, such as two or three states, exists with
speeds averaging above 15 mph. Therefore, any
large scale wind power stat ions wi l l  have to have
propel lers,  extremely large in diameter,  to compen-
sate for the low wind speed.
l f  such  equ ipment  i s  e rec ted ,  bo th  i t  and  i t s
supports have to be designed to withstand the
Fig. 12.-Average wind speed in miles per hour in various areas of
the  Un i ted  Sta tes .  l t  i s  imposs ib le  fo r  any  one map to  conta in  a l l
the  var iab les  in  the  a tmosphere .  The f igures  on  the  above map
are  an  average f rom over  a  per iod  o f  many years .  l t  i s  qu i te
poss ib le  tha t  smal l  sec t ions  o f  loca l  te r ra in  wou ld  exper ience
much h igher  averages  than those no ted .  One example  wou ld  be  a
nar row va l ley  th rough la rge  mounta ins .  The mounta ins  wou ld
channe l  la rge  masses  o f  the  a tmosphere  th rough the  nar row
va l ley  and cons is ten t ly  ra ise  the  ve loc i ty .
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occas iona l  gus ts  and poss ib le  hur r i cane fo rce
winds  tha t  migh t  occur .  The cos t  o f  such a  s t ruc tu re
wou ld  be  the  same as  fo r  a  s t ruc tu re  a t  a  cont in -
uously strong wind locat ion, yet i t  cannot extract
energy prof i tably because of the short  durat ion of
the  s t rong gus ts .
Because o f  the  grea t  var iab i l i t y  o f  the  w ind
speed,  a l l  mechan isms des igned fo r  w ind  power
must incorporate feathering device controls to be
s t rong enough to  w i ths tand w ind  fo rces  f rom gus ts
and storms. For extract ion of the power from a
gent le  b reeze,  up  to  10  mph,  the  ro ta t ing  par ts
shou ld  be  ra ther  l igh twe igh t ,  even approach ing
f l imsy- type cons t ruc t ion .  To  w i ths tand ga le  w inds ,
the  s t ruc tu re  must  be  s t reaml ined,  we l l -b raced,  and
of  s t rong mater ia l ,  wh ich  usua l ly  means more
weigh t .
Movable controls,  such as speed governors and
feathering devices, usual ly mean extra mechanisms
that  add we igh t  and are  d i f f  i cu l t  to  s t reaml ine ,  no t  to
ment ion  repa i r  and upkeep cos ts .  Tak ing  a l l  these
des ign  d i f f i cu l t ies  in to  cons idera t ion ,  the  job  o f
eng ineer ing  an  economica l ,  workab le  and e f fec t i ve
wind-energy product ion plant appears very di f f icul t .
A  few mechan isms use d i rec t  mechan ica l  con-
nec t ions ,  such as  water  pumps.  However ,  most  o f
the machinery for developing power from the rota-
t ing  prope l le r  takes  the  fo rm o f  a  DC genera tor .  The
DC generator has one great advantage in that there
are  no  f  requency  prob lems caused by  the  var iab le
rpm o f  the  prope l le r .  However ,  on ly  DC e lec t r i c
equ ipment  can be  used.  These inc lude incan-
descent l ights or any straight resistance heater and
equ i  pment  us i  ng  un iversa l  (DC/AC)  e lec t r i c  motors
(Table 3).  The DC generator can be converted to AC
by special  at tach ments, but these are cost ly and use
e lec t r i c  energy  dur ing  convers ion .  The f  requency  o f
the  AC var ies  w i th  rpm un less  spec ia l ,  recent ly
developed attachments are added to the converters.
The DC genera tor  has  o ther  advantages .  Some
storage faci l i ty must be incorporated so that the
energy generated during non-uset ime is not wasted
but  can be  s to red  and added to  the  sys tem dur ing
peak power  demand t imes.  The DC genera tor  can
use storage batter ies for this.  l f  e lectrolysis of water
is carr ied out to obtain oxygen and hydrogen gases
for storage, DC is needed in the process.
Tab le  3  l i s ts  e lec t r i ca l  equ ipment  ha t  may be
found in  homes.  The equ ipment  i s  l i s ted  in  two
groups ,  fo r  DC opera t ion ,  and fo r  AC on ly .  A  more
expensive power system is required for operat ion of
the AC appl iances. The wattages of each of the
appl iances that you would want to operate can be
added together to see what size wind power supply
is needed.
Harnessing Devices
Some o f  the  equ ipment  now be ing  des igned fo r
w ind  power  to  p roduce energy  in  bo th  la rge  and
smal l  quant i t ies  i s  shown in  F igures  13  to  19 .
The s t reaml ined 3-b laded prope l le r  shown in
F igure  13  is  p resent ly  the  most  popu lar  w ind-
powered generator for smal l  instal lat ions, such as
iso la ted  homes.  An au tomat ic  fea ther ing  dev ice ,
usua l ly  a  cent r i fuga l  type  housed w i th in  the  hub,
a l lows th is  sys tem to  p roduce power  in  very  s t rong
winds. The three blades provide a relat ively vibra-
t ion- f ree  ro to r  sys tem,  even wh i le  the  rudder
swi tches  back  and fo r th  keep ing  i t  headed in to
gus ty  w inds .  The b lade length  can be  up  to  10  fee t ,
giv ing a 2O-foot diameter system that can produce 2
h p  i n  w i n d s  a r o u n d  1 5  m p h .
Fig .  13 . -The 3-b laded prope l le r  type  w ind-powered genera tor .
The cost of  this type of propel ler is relat ively
h igh ,  and w inds  above 6  mph are  needed to  opera te
i t .  S l ip  r ings  are  requ i red  to  take  the  e lec t r i c  cur ren t
f  rom the generator past the vert ical-rotat ion joint  to
the  ground equ ipment .
Thewind powerwhee l  i l l us t ra ted  in  F igure  14  is
s t i l l "  in  the  exper imenta l  s tage.  l t  i s  qu i te  s imi la r  to
the  convent iona l  w indmi l l  used fo r  so  many years  in
the plain states to pump water.  l t  is designed to have
a re la t i ve ly  low in i t ia l  cos t  and to  p roduce power  in
ca lm winds  o f  3  to  5  mph.  Because o f  i t s  re la t i ve ly
1 4
Table 3.-Estimated usage and power consumption (kWh) per month for various home
appliances.
DG Equipment
Item Watts Hours Used Per Month
1 2
120
,r:
1 0
kWh Per Month
Blanket
Blender
Broi ler
Clippers, hair
Coffee percolator
Corn popper
Dril l , l  /4"
Food warming tray
Frying pan
Griddle
Heater, portable
Heating pad
Hot plate
lron
Lisht  bulb
Light  bulb
Mixer, food
Range (230v)
Sewing machine
Shaver
Saw, wood, circular
Toaster
Vacuum cleaner
Waffle iron
Water heater
190
350
1,400
50
800
600
300
350
1,200
900
1,300
150
1,2OO
1 , 1 0 0
75
40
200
2,000
100
1 2
1,200
1,200
600
1,200
5,000
80
3
6
1 0
-2
20
1 2
30
1 5
1
8
0.5
9
1
5
7
1 5
5
40
1
20
1 3
I
5
1
150
1
0.1
6
5
6
2
450
6
4
1 0
100
AG Equipment
Air conditioner (230v)
Clock
Clothes dryer'(230v)
Clothes washer
Dehumidi f  er
Dishwasher
Electronic oven
Fan,  at t ic  1/2 hp
Fan, kitchen vent
Fan, circulation
Freezer, food
Lawn mower
R efrigerator- F reezer
TV, black & white
TV, color
Typewriter
r ,500
8
5,000
500
500
1,200
5,000
500
300
300
800
1,000
400
250
400
30
I
400
1 5 0
150
1 5
1 1 5
3
90
1 0
50
30
100
20
8
5
1 0 0
8
1 5 0
35
60
0.5
75
20
1 8
iu
50
30
1 5
F ig .  14 . -An  expe r imen ta l  w ind  power  whee l .
weak cons t ruc t ion ,  i t must  be  pro tec ted  f  rom s t rong
winds  above 25  mph by  fea ther ing ,  usua l ly  by
p u l l i n g  t h e  w h e e l  a r o u n d  p a r a l l e l  t o  t h e  t a i l  t o  m e e t
s t rong w inds  edgewise .
A unrque fea ture  o f  th is  sys tem is  the  be l t  tha t
runs  around the  ou ter  edge o f  the  b laded whee l .  l t
connects  to  the  smal l  pu l ley  on  the  genera tor  to
speed i t  up  to  p roper  opera t ing  rpm.  In  o ther
sys tems,  a more  cos t ly  gear  t ransmiss ion  is  usua l ly
used to  speed up  the  genera tor .  S l ip  r ings  are
requ i red  to  conduct  the  e lec t r i c  cur ren t  f rom the
genera tor  pas t  the  ver t i ca l - ro ta t ion  jo in t  to  the
g r o u n d  e q u i p m e n t .
New ideas  and innovat ions  are  ev ident  in  the
wind  power  f  ie ld .  The egg beater  type  prope l le r  o r
Dar r ieus  ro to r  shown in  F igure  15  can accept  w ind
f  rom any  d i rec t ion  w i thout  the  need f  o r  a  rudder .  No
s l ip  r ings  are  requ i red  s ince  be l ts  o r  gears  run  f rom
the shaf t  d i rec t l y  to  a  s ta t ionary  genera tor .  The
curved oor t ion  o f  the  b lade is  an  a i r fo i l  shape tha t
causes  more  fo rce  on  the  b lade mov inq  awav f  rom
the w ind  than the  advanc ing  b lade.  Th is  resu l ts  in  a
to rque or  cont inuous  tw is t  be ing  app l ied  to  the
shaft .
Th is  sys tem works  in  re la t i ve ly  s t rong w inds  bu t
lacks suff ic ient torque to operate or get started in
ca lm wlnds  o f  less  than 6  mph.
Fig .  15 . -The egg beater  type  prope l le r  o r  Dar r ieus  ro to r .
L ike  the  ver t i ca l  sha f t  ro to r  shown in  F igure  15 ,
the  Savon ius  ro to r  in  F igure  16  w i l l  accept  w ind  f  rom
any d i rec t ion  and does  no t  requ i re  a  rudder .  A l -
though i t  can  work  in  fa i r l y  s t rong w inds ,  i t  does
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Fig .  16 . -Th is  ver t i ca l  sha f t  ro to r  i s  ca l led  a  Savon ius  ro to r
not  have much to rque in  mi ld  ones .  However ,  i t  i s
s l igh t ly  be t te r  a t  s ta r t ing  in  mi ld  w inds  than the
Dar r ieus  type .  Ne i ther  the  Savon ius  nor  the  Dar -
r ieus rotor have the start ing torque of the mult i -
b lade type l i ke  tha t  shown in  F igure  13 .
One advantage of the Savonius rotor compared
to the Darr ieus type is that you can use simple
mater ials to construct i t .  Metal  barrels or large cans
cut  in  ha l f  can  be  used to  fo rm the  w ind-ca tch ing
vanes (see the  top  v iew in  F igure  16) .  A  be l t  i s  used
to increase the speed of the stat ionary-mounted
generator.
The w indpower  genera tor  shown in  F igure  17
was cons t ruc ted  in  1941 on  a  h i l l  i n  Vermont .  l t  had
an output of over 1 ,200 ki lowatts in winds of 20 mph.
Fig. 17.-A large wind power generator.
More a t ten t ion  to  the  de ta i l s  o f  s t reaml in ing
must  be  incorpora ted  in to  f  u tu re  des igns ,  s ince  one
of the 1OO-foot blades was torn from this machine a
few years later.  l t  is not in operat ion now.
Some of the new designs for large sources of
power  w i l l  be  s imi la r  to  the  research  un i t  in  F igure
18.  Th is  un i t  i s  be ing  tes ted  by  the  Nat iona l  Aero-
naut ics  and Space Admin is t ra t ion  (NASA)  a t  San-
dusky ,  Oh io .  Cont ras t  the  s t reaml ined cons t ruc t ion
of  th is  un i t  to  the  des ign  o f  the  research  un i t  shown
i n  F i g u r e  1 7 .
The un i t  in  F igure  18  has  exper ienced some
v ibra t ion  prob lems due to  the  w ind  be ing  ru f f led
whi le passing through the tower f  ramework before
s t r i k ing  the  b lades .  The suppor t ing  f rames must  be
s t reaml ined as  we l l  as  the  power  un i ts  fo r  smooth ,
eff ic ient operat ion and to resist  destruct ive wind
forces.
Thesys tem in  F igure  19  may represent thewind
power generator of the future. In this system, a
Darr ieus-type rotor is used. The streamlined sup-
Fig. 18.-An experimental windpower generator being tested by
NASA.
por t ing  s t ruc tu re  a l lows w ind  f rom any  d i rec t ion  to
s t r i ke  the  ro to rs  und imin ished and non-buf fe ted .
The power from each of the rotors can be added
together for one large output from the unit .
Structures such as this can be constructed for
he igh ts  severa l  hundred fee t  above the  ground
with several  f loors or levels containing rotors. The
gracefu l ,  smooth ,  s t reaml ined des ign  can add
beauty to the landscape.
In  summary ,  i t  shou ld  be  po in ted  ou t  tha t  i f  the
wind could be effect ively harnessed there would be
no waste  d isposa l  p rob lems and no  po l lu t ion  in  the
usual sense. The energy to turn the mechanical
devices is renewable and from an inexhaust ible
source ,  the  sun.  These fac to rs  make w ind  power
very attractive.
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Fig. 19.-An architect 's concept ot
structures may look in the future.
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Questions
To st imulate thought and greater understanding of wind as an energy source, answer the fol lowing
quest ions with the correct word(s) to make a true statement.  Refer to the text when necessary.
1. The original source of energy in the wind is from the
2. Areas of low pressure ( low density) in the earth's atmosphere can general ly be found along the
3. Areas of high pressure (high density) in the earth's atmosphere can general ly be found at the two
4. Why is part  of  the earth's surface warmer than other parts?
5. Air  movement within 30 feet of  the earth's surface is usual ly less than i t  is above 30 feet.  Why?
6. The Coriolis effect is caused by any object that rotates. (True or False)
7. Name the two variable factors of wind that present great design problems to the wind power engineer.
and
8.  What  i s  the  eng ine  tha t  keeps  the  a i r  c i rcu la t ion  go ing  in  the  k i tchen?
9. What is the engine that keeps the worldwide atmospheric i rculat ion going?
10. What factors can upset the worldwide circulat ion pattern?
11. Wind possesses energy by virtue of what two propert ies?
12. What type of mechanical  motion is most convenient for wind power designers?
13. What mathematical  law does the size of the propel ler fol low?
14. What mathematical  law does the power avai lable in the wind fol low?
15. Winds of 30 mph possess how much more power than winds one-half  that speed?
16. What does feathering of propel ler blades mean?
17. What do engineers mean when they say that wind is of low quali ty when compared to water or steam
power?
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Answers
1 .  sun
2. equator
3. poles
4. because the earth is a sphere
the axis
5. obstructions l ike trees. houses
6 .7
7. velocity and direction
8. burner or stove
9.  sun
10. clouds, t i l t  of axis or seasons
1 1. mass (or air molecules) and their velocity
12. rotary
13. in proport ion to the square of the diameter
14. in proport ion to the cube of the wind speed
15. 7.5 t imes (Table 2)
16. turn each blade paral lel to wind
17. l t  is less dense. One must gather greater
quantities in order to extract very much power.
Facil i t ies must be very large. Propellers with
1OO-foot diameters or more are needed, while
steam or water turbines are a few feet across.
and the t i l t  of
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